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Oue to 1 imitations of methods commonly used to detect particles and plasmas few 
examples of spacecraft in the ionosphere charging beyond a few volts appear in the 
literature. This impasse has been overcome with the launch of the DMSP/F6 satellite 
It was equipped with up-looking detectors to measure 20 point spectra of precipitat-* 
mg ions and electrons with energies between 30 eV and 30 KeV, once per second: A 
generous geometric factor for the ion detector allows the application of a technique 

orhil ar Th US f- t0 M en ri fy the deqree 0f charqinq for satellites at geostationary 
umv ^f/iouville Theorem can be used to show that a spacecraft charged, to say, 
-100 V, will measure no positive ions in energy channels < 100 eV. Because of the 
acceptation of cold, ionospheric ions by the spacecraft potential a large count 
rate should be seen in an energy channel centered near 100 V. A preliminary search 

vfci e n[w r SU “ ! h ° ws that such charqinq peaks frequently appear in the 

"worst Ls^ rhfrnmn n In^ t structures. An example that closely approximates the 
worst case charqing environments derived from previous 0MSP missions, with only 

electron measurements available has been examined. In this case, with the satellite 
in darkness, peak electron fluxes occurred at energies of 10 keV and charqinq peaks 
:r*°H S *T d 10 10n * n * r W channels up to ~65 eV. The fact that the spacecraft 

SSIE therma1 p1as,:,a probe on the same vehicle. 
d ’ e,ei:tr ’ c surfaces 1" the wake side of the vehicle char 9 e 
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INTRODUCTION 


In- this- Symposium we are addressing questions concerning how large space structures 
POj *r orbit will interact with auroral environments. Because spacecraft charging 
at ionospheric attitudes does not seriously threaten the operation of today's rela- 
tively small polar satellites the subject of environment interactions has hot received 
the widespread attention given to it fit geostationary altitude * As a matter of 

fh? n * m1CS ** for us t0 af)p ] y as much as possible of what we have learned 

abou . spacecraft interactions at geostationary orbit to low earth orbits, economics, 
however, must not blind-us to real differences between the two problems^ 

The environment at auroral latitudes in the ionosphere differs from that encounter- 
ed at geostationary altitude in at least two major aspects. 

(1) There is a large reservoir of hig ^density , cold plasma which- tends to 
mitigate charging effects by providing a large source of charged particles from which 
neutralizing currents maybe drawn. However, since Debye lengths in the ionosphere 
are measured in centimeters as opposed to hundreds of meters at geostationary altitude 
effective current collecting areas may be severely limited. Significant wake effects 
behind large structures will introduce new problems with differential charging. 

(2) Between the magnetic equator and the ionosphere, auroral electrons freauent- 

ly undergo field-aligned accelerations of several kilovolts (ref. 1). The degree to 
which, auroral, as opposed to plasma sheet, electrons deviate from isotropy is a com- 
JJf* electron's energy and the potential distribution along magnetic 

l e I d lines (ref. 2). In such environments, fluxes of energetic protons are usually 
below the levels of instrumentation sensitwity (refs. 3 and 4). 

It is anticipated that polar-orbiting shuttles will encounter the most severe 
charging environments in the vicinity of westward travelling surges and near inverted- 
V structures. Westward travelling surges occur in the midnight sector durinq the 
expansion phases of substorins. Substorm onsets are frequently marked by the sudden 
brightening of the equatorward-most arc (ref. 5). This is followed by a bulging and 
rapid poleward expansion of active arcs in the midnight sector (ref. 6). For obser- 
vers on the ground in the evening sector the bulge appears on the eastward end of 
arcs and moves quickly toward the western horizon. Using DMSP satellite imaqerv and 
electron flux measurements Meng and coworkers (ref. 7) constructed a composite 

I , hI P .?fc? 9 ^A? f W 5 S ^ Wa lJ? trav f 1 ] 1n 9 surges shown in Figure 1. Bright arcs emanate to 
tne west (A) and to the east from the equatorward and poleward edges of the bulqe 

rS^ , /?? Spe ^-, ively * A myriad of a rc-11ke structures are embedded in the bulge 

nf^h* £i Whl !. e non “ n,for " d l ffuse auroral precipitation (D) is found to the east 
of the bulge and equatorward of the B arc. 

Differential spectra typical of downcoming electrons in the vicinity of sura&s 

SST °" th f 1eft Side ? f Fiqure '• In re 9 ion A ’ t0 the we *t (evening 5 side) of 
the bulge, spectra are similar to those measured over quiet-time arcs. However, the 
monoenergetic beams shift to higher than quiet-time values. This indicates that 
stronger field-aligned potentials occur during substorm periods. In the region of 

ti e Hiat e ? a ^ a ^ C j. re 9]9" B ) two spectral types are measured. One has a shape similar 
to that found in the diffuse aurora (D) but with lower mean energy. The second 
spectral type is characterized by electrons with energies of 100 eV and differential 

Irroi GV f S of . loll/< :"^ s f c sr keV. The spectral shapes Indicate that field-aligned 
accelerations in regions B and D are not significant. Within region C electron 9 
spectra are relatively flat, sometimes out to the high-energy, measuring limit of 
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DMSP spectrometers. If, as suggested by the "worst-case" study of SCATHA's environ 
iiient,(ref, 8), severe charging most strongly correlates with fluxes of electrons 
with energies in the several tens-of-keV regime, then region C electrons may present 
the most severe charging environment for polar-orbiting shuttles. 

Hazards due to spacecraft charging of large space structures should also occur in 
"inverted-V" events. The term Inverted-V was first used to describe structures that 
appear in energy-time spectrograms from polar orbiting satellites (ref. 3). In these 
structures the mean energy of precipitating electrons rises from a few hundred eV to 
several keV then returns to a few hundred eV. Often the electrons have Maxwellian 
distributions characterized by a mean thermal energy F (> that have been accelerated 
through a field-aligned potential drop % (ref. 9). In traversing the inverted-V, 

4» 0 increases to some maximum value then decreases. In the evening sector % can 
rise to over 10 kV. The danger posed by inverted-V precipitation is more ubiquitous 
than westward travelling surges, tin and Hoffman (ref. 2) showed that inverted-V 
events occur in all MLT sectors except in the dayside auroral gap (ref. 10). 

To date, all investigations of inverted-V structures report no measurable fluxes of 
precipitating protons. This limitation more likely reflects on the sensitivity 
of proton detectors rather than on a real absence of proton fluxes. In the plasma 
sheet protons have mean thermal energies that are about five times those of electrons. 
Some protons in the high energy tail of these distriutions should be sufficiently 
energetic to overcome the % potential barrier and reach the ionosphere. 

Herein lies a serious verification problem for modelers of low-earth orbit space- 
craft charging. It is rather easy to specify the "worst charqing environment" (ref. 
11). However, the relatively small geometric factors on positive ion detectors flown 
to date on polar satellites have not allowed us to use the straight-forward methods 
used at geostationary altitudes (ref. 8) for measuring satellite potentials in excess 
of a few volts. In only one case, as INJUN-5 passed through an intense inverted-V, 
has a large satellite potential been measured (ref. 12). In this case only an upper 
bound of -28V could be directly assigned. 

The purpose of this report is to provide information for interaction-modelers 
on the capabilities of a new generation of charged particle spectrometers now flown 
on DMSP (Defense Meteorological Satellite Program) satellites. These detectors, 
which are sensitive to downcoining, positive ions with energies greater than 30 eV, 
allow the direct measurements of satellite potentials less than -30V. The following 
section describes the plasma and particle instrumentation on the recently launched 
DMSP/F6 satellite. We then present a detailed analysis of measurements taken as the 
satellite passed through an intense, inverted-V structure in the midnight sector on 
10 January 1983. The discussion section compares observational measurements of the 
satellite potential with the predictions of a small-satellite charging model. 


INSTRUMENTATION 


DMSP satellites are three axis stabilized and fly in sun-synchronous, circular 
polar orbit at ari altitude of 840 km. Their orbital periods and inclinations are 
are 101 minutes and 98.75°, respectively. DMSP/F6 was launched in late December 1982 
into an orbit near the dawn-dusk meridian with an ascending mode of 0612 LT. The two 
sets of detectors of interest here were designed to monitor variations in the topside 
thermal plasma and in the flux of precipitating charged particles. 


Ill 


sSsTssSHiFs'' t <3t — • 

^eSV^ 

“nVL a sM ' he H q, aVa°TixeJ h r e ::i s ; r tT rat H es h ’ in 2 ™" si " thnsra. 4 ^ 

Mxr^tis SsS^SSSr ! "° “* r 

* I5 1 e 1 i h ; raa1 i0n detect:!r is a retarding potential analyzer (R PA) that consists nf 

anai,erture ^ “- sVd 
«! -•«. ^aVoutr^Vtc^n^ar^c’^Tn^^r^^t?^: Of ft IS.!?* 8 * 

« “t^Ht e ^St?ar p l 0 u P s r a at b“ s^oWn ujftf ^^In’ * S 6fiXed 

sssssssipi 

The energetic particle detector on DMSP/F6 are desioned to measure t-he * 

sssrs ri'jirss as '‘Tti w t,i°:izi a n n r ? y c r ne,s - 

enX 

and 2 x 10-2 fop 1ons , In both ca ^r / E/ F is 13- The IV Cm \" Sr / or el ectrons 
measures the flux levels over the 1 to 30 kev 1*11- 2® other s ® fc of analyzers 

electron and ion detectors is 10-3 C n2-sr with a E/E _ Th ® y e0n ^ riC , factor for these 
factors ensure statistically significant count rates in tSe a Jora? 


OBSERVATIONS 


During the period of interest on 10 January 1983 DHSP was in H 3 ptn D c C 

SSSS^:? 5 -' 

disturbed day of the month with * Kp = 1 39.° T thS overpa,>s » 10 January was the most 
FlS^TSSVT^tf^T r d !°r .r. presented in 

"nTe^af^oUoX'so^^^Ool'ur^e’gin 

rises from »’ to 4 x J eiecir^s/ " s 9 “t ^ 5 :a Ul! " JS.^t^Iie 


112 




it decreased to 10^ electrons/cm^ sec sr. The average energy of the pre- 
cipitating electrons increased from 800 eV to 7.5 keV then returned to 800 6V, 
the classic Signature of an inverted-V structure. The flux of ions reaching the 
detector also increased to a sharp maximum at 2045:22 UT. However, the average 
energy of the ions was lowest at this time.. This signature is similar to that 
obtained when spacecraft at geosynchronous orbit undergo charging. 


Figures 4, 5 and 6 give three e-xamples of measurements from the energetic electron 
and ion sensors at 2045:17, :22 and :24 UT, respectively. Data represented as elec- 
tron and ion phase space densities are plotted as functions of energy from 30 eV to 
30 keV. The insets qive expanded plots of ion distribution functions in the eneroy 
range 30 to 200 eV. In all three cases the electron distributions show low-energy 
or suprathermal components. The fact that the energetic components of the electron 
distributions are not monotonically decreasing in energy is consistent with the 
primary electrons having been electrostatically accelerated in some attitude range 
above the satellite. Electrons with energies below the peak in the distribution 
functions are energy-degraded primaries that are trapped below the electrostatic 
barrier. The primary-electron distributions are non-Maxwell ian, containing high 
energy tails. J 


The ion distribution functions also contain both energetic and suprathermal com- 
ponents. In the case of the ion measurement at 2045:22 UT the energetic component 
has a Maxwellian distribution out to 30 keV. Using the Liouville theorem and assum- 
ing an isotropic distribution function in the magnetosphere we find that for charge 
neutrality to prevail in the parent populations, the field-aligned potential drop 
above the auroral ionosphere is ~8 kV. We note that this is consistent with the 
measured distribution where the-actual peak-must lie between the energy channels 
centered at 6.46 and 9.48 keV. 


At 20:45:22 and :24 UT the suprathermal ions have non-monotonic distributions. The 
peaks in the energy channels centered at 65 and 44 eV suggest that ions measured in 
these channels are ionospheric particles that have been accelerated by Satellite 
potentials of -65 and -44 V, respectively. The fact that ion counts are recorded in 
energy channels less than at the peak in the distribution is consistent with the 
finite spread in the energy-acceptance of the sensor's energy channels. Recall that 
to assure high count rates the geometric factor of the low-energy ion detector was 
made large. The only other possible source of ions in these energy ranges at DMSP's 
altitude are the so-called ion conics (ref. 15). These are thermal ions that are 
accelerated perpendicular to magnetic field lines through resonant interactions with 
lower-hybrid or i on-cyclotron electrostatic waves. Such cannot be the case here since 
rut < ? e *f; ctor 1S .looking almost along, rather than across, the magnetic field. 

the negative potentials of several tens of volts represent the potentials 
th ®. dle ^ctric surfaces in the vicinity of the ion-detector's aperture rather 
than the potential of the satellite's frame. 

Further information concerning the environment in which the charginq of DMSP/F6 
occurred can be gained from thermal probe measurements. Fiqure 7 qives the 
densities of thermal electrons and ions measured during Mode 1 operations In 
this representation data taken while sensor grids were biing swept ?™vo?Uge Mode 2) 
re suppressed. The grid on the spherical Langmuir probe was biased at 7.8 V with 

[n^hf^r f he /hus, in Mode 1 the electron sensor is operating 

in the accelerating mode. This leads to overestimates of the ambient electron densi- 
ties. In regions where both .ensors vary in the same sense the measurements accurate- 
ly measure relative density fluctuations. In regions where the measurements varyin 
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opposite senses the variations are mostly due to satellite potential fluctuations. 
Absolute values of the plasma density are obtained through analyses of Mode 2 current 
-voltage sweeps. Figure 7 shows that in the period following 2045 UT the current 
reaching the thermal electron probe decreased by more than four orders of magnitude, . 
consistent with a strongly negative vehicle potential. The thermal ion current 
increased by a factor of 2. 

In the immediate vicinity of the charging event Mode 2 sweeps cannot be used to 
determine the plasma temperature and composition- The last Mode 2 sweep, taken 
equatorward of the event and before vehicle potential fluctuations make results 
of Langmuire probe analysis questionable, occurred at 2043:26 UT. This sweep showed 
a total plasma density of ~ lO^cm"^. The ion composition was mostly 0 + . The ion 
and electron temperatures were ~ 1200° and 4000% respectively. The following 
sweep, beginning at 2044:30 UT showed signs of a significant light ion contribution. 
It should be noted that other measurements in the diffuse auroral region show 
large, even dominant light ion mixtures.— The light ion that best fit the measured 
current-voltage characteristics was He + . Close to the event the current character- 
istics also showed signs of a light-ion component. However, rapid fluctuations of 
the satellite potential do not allow quantitification of this observation. 


DISCUSSION 


In modelling the DMSP charging event described in the previous section two con- 
ditions should be kept in mind. First, the event occurred while the satellite was 
in darkness. Thus, photoemission currents from the vehicle can be ignored. Second, 
the surfaces of DMSP satellites are almost entirely made up of dielectric materials. 
The potential drop V s experienced by positive ions reaching the electrostatic analyzer 
should be that required for local current balance near that sensor's aperture. For 
the- sake of simplicity we model the satellite as a sphere whose surface material is 
kapton. The satellite moves at a speed of 7.4 km/s through the combined ionospheric 
and auroral plasmas. 

The local current balance condition can be written in the form: 


I (V) = -J e M + J iM + ^e2 + ^eB + ^ei + ^il = 0 




The terms J e n and represent currents due to energetic electrons and ions of 
magnetospheric origin, respectively. The energetic electrons include both primaries 
and energy degraded primaries. The terms J 6 2 , J e B» and Jei refer to currents 
generated by: (1) secondary electrons resulting from energetic electrons impacting 
the satellite, (2) backscattered energetic electrons, and (3) secondary electrons due 
to impacting ions, respectively. Currents resulting from impacting ionospheric ions 
are represented by J^. 

If we assume that the auroral electrons are well approximated by an isotropic 
distribution function f^(E) then the total currents to the satellite directly 
attributable to energetic electrons has the form 

(2) J e * J eo <=*>V kT e 

where J eo * -Jell + Je2 + J eB! v s ’ s the satellite potential and q is the elementary 
(negative) unit of charge and kTp = 2/3 < E >. Here < E >, the mean thermal energy 
of the energetic electrons is 5.45 keV. Finally, 

114 








1 


t) 


( 3 ) 


'eo 


_ 4 TT 2 


09 v/2 

I / 


E f eM (E) [ 1 - A 2 (E , t|>) - A r (E, *) 
• Cos Sin ij; d ij; d E 


l 


is the total current due to energetic electrons if the satellite were at 
plasma potential.. The functions of energy and angle ^ from normal 
incidence, for secondary [A 2 (E , ] and backscat'tered [ a » (E,*)] 

electrons are given by Laframboise and co-workers (ref 16). 

The current due to impacting ions can be represented in the form 

(4) J 1 " J i. Jl ♦J^> 


where kTj is the mean thermal energy of the magnetospheric ions. J io i 

represents the sum of J-jM + J e ^ if the satellite were at plasma potential 

“ Tr / 2 i 

J io “ / / E f iM (E) [ 1 + a ei (E, *) ] 

Mj oo 


Cos »p Sin g> d \p 

f iM (E) is the distribution function of magnetospheric ions in the vicinity of the 
satellite. A e j (E,j») is the secondary electron conversion factor (ref 16). 

Values of J eo and Jj 0 in equations (3) and (5) were solved by numerical integration 
using the energetic electron and ion distribution functions measured at 2045: 22 UT. 
Setting Vg equal to -65 V in equations (2) and (4) and adding we calculate that in 
the vicinity of the ion sensor there is a current of 6.33 uA/m^ flowing away 
from the satellite. From equation (1) we see that this must be balanced by the 
thermal ion current Jji to the vehicle. 


The current to the satellite due to ionospheric ions is qiven by a sum, nvpr 
ion species a 

(6) Jil = N 0 e U sa t- £ r a (b^ , 0 ) 

a 

where N 0 is the total ion density, U sat is the satellite speed, o is the angle 

rw5 rKr 1 ! 1 %® ram direction, b a is the Mach number of the a species 
Ll/2 i' a v s /kT e j . Based on sate! 1 ite measurements in the ionosphere, 

Gurevich and co-workers (ref. 17) derived an expression for the angular term 


( 7 ) 


a ( b a * 



r 1 + erf 
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where erf (x) represents the standard error function. ♦ Q is the complement of 
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2. Average energy, directional energy flux and directional number flux of 
pricipitating electrons measured during DMSP/F6 northern auroral pass of 
10 January 1983. 
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5. Distribution functions at 2045:22 UT 
inset expansion of the low energy portion 
charging peak at 6 5 eV. 
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7. Mode 1 currents to the thermal electron and ion sensors during the 
northern auroral pass of 10 January. The "densities" calculated from these 
currents assume that the grids are at plasma potential and are overestimates 
in both cases. 



8. Plot of r , with oset equal to 90°, as a function of N H /N ri . for 
several values of <J> 0 . The line at 0.536 represents the value of r required for 
current balance with V s = - 65 V on the top surface of OMSP. 
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9. Surface potential as a function of 0 for $ = 


124 


^ ■v.". \& i -» 


